Geographical concentration of economic activities has been widely discussed. However, the insights into other kinds of concentration such as technological and organizational concentration have been scarce. Here, we analyze organizational, technological and geographical concentration of nanotechnology activities in the Netherlands. We discuss our results in the light of the Dutch strategy to concentrate nanotechnology research organizationally, technologically and geographically during the last decade. Currently, this strategy is successful but will only be so if it remains open to changes in the technology itself and its environment.
Introduction
F or decades nanotechnology has been infiltrating and encompassmg industries, technologies and regions in the Netherlands and all over the world [1] [2] [3] [4] [5] [6] . Dutch nanotechnology is interesting in two respects: One, Dutch nanotechnology seems to be quite successful. Two, Dutch policy for nanotechnology is exceptional in the European context. The Dutch success can be measured when comparing investments and output.
Although Dutch investment on nanotechnology was low compared to other countries the Dutch research output in nanotechnology was relatively high. Namely, the Netherlands invested 0.0089% in terms of annualised funding as a percentage of Gross National Product (GNP). This is relatively little when comparing it with Ireland which invested almost three times as much, i.e. 0.0261 %, or Germany which invested almost three and a half times as much, i.e. 0.0311 % [7] . However, regarding nanotechnology publications [8] and regarding patent applications [9] the Netherlands came fourth within the European Union (EU), following Germany, the U.K. and France. At the same time the Netherlands have followed a specific national nanotechnology approach. (cf. this and the following [1, 7, 10] ). While this quite in line with the strategy of the U.S. and Asian countries the Dutch approach is exceptional in the European context as European countries follow a decentralized policy approach.
Worldwide we can observe concentration of economIC activities. In our Western industrialized countries the creation of knowledge and innovation as well as the concentration of related activities have been crucial for economic growth. Thorough and detailed discussion on geographic concentration of economic activities have been provided (for an overview and the following see [11] , as well as [12] ). Generally spoken, reasons for the geographic concentration of economic activities can lie in infrastructure as well production factors. In the context of the Western so-called knowledge societies education and R&D facilities, knowledge and physical capital play a crucial role. All factors mentioned have a static dimension that is related to the endowment with these factors as well as a dynamic one that is related to the accumulation of these factors and the interaction and cooperation between firms, research organizations and policy makers, e.g. knowledge spillovers. So, geographic concentration of economic activities is well understood. Much less is known about organizational and technological concentration and its co-evolution with geographical concentration though.
The goal of our paper is two-fold: One, we will shed light on the geographical, technological and organizational concentration of Dutch nanotechnology. Two, we will discuss how the concentration we find in Dutch nanotechnology is related to Dutch policy in this field. Our analysis starts with an overview of the institutional set-up of Dutch nanotechnology and related policy measures and strategies (Section 2). Then, we derive indicators from the Web of Science, from Google Earth and from the NUTS system (Nomenclature of Territorial Units for Statistics) (Section 3.). Based on this we show the organizational, technological and geographical concentration of Dutch nanotechnology (Section 4.) and discuss them in the light of the specific Dutch policy approach for nanotechnology (Section 5.) A brief summary of our findings round the paper (Section 6.) 2. Nanotechnology in the Netherlands: policy and institutional set-up
In the Netherlands, regulation on the national and increasingly the EU level has been important for nanotechnology (cf. this and the following [2] [3] ). Currently, the Commission of the European Communities (CEC) stimulates the deployment of nanotechnology within its policy framework via state aid rules, trade policy, access to finance as well as current and new initiatives in the field of so-called key enabling technologies. The Dutch government has implemented specific policy measures to stimulate and support nanotechnology; the CEC plays a less important role in this context. In the Netherlands, the government is the primary funding source of nanotechnology with more than 70% [7] . In particular it is the principal investor for all levels of infrastructure.
Stakeholders in the Netherlands have deliberately formed nanotechnology networks (cf.
this and the following [1, 7, 10] ). This approach is exceptional in the EU and much more in line with the U.S. and the Asian countries. Since the end of last century stakeholders in the U.S. and in Asia have systematically funded regional and national research organizations focusing on nanotechnology. Within the EU only the Netherlands have been following such an organized approach during the last decade. Before the beginning of this century there was almost no visible Dutch organization that focused on nanotechnology.
The Dutch government and the three Dutch Universities of Technology l as well as other stakeholders have implemented a systematic Dutch nanotechnology strategy which has 1 The Dutch Universities of Technology are situated in Delft, Eindhoven, Twente and Wageningen. As Wageningen has a particular specialisation in agriculture it does not play a crucial role in nanotechnology. This is also mirrored in the fact that Delft University of Technology, Eindhoven University of Technology evolved in time. The Netherlands federates its three leading technical universities (cf. this and the following [13] ). The three universities are the Delft University of Technology, the Eindhoven University of Technology, and the University of Twente. Together the three universities are known as the "3TU. " Delft is located in the west of the country, in the populous Randstad region. Eindhoven is located in the south, not far from the Belgian and German border. Eindhoven is also home to the main research campus of Philips, a major world electronics company. University of Twente is located to the east of the country, not far from the German borders. This region was home to a significant textile industry for which industrial and engineering knowledge was badly needed. The consequences of this university placement is relatively high dispersion of technological knowledge in an otherwise comparatively small country. Only the north of the country is without a technical university, although it has universities of its own. The express goal of the 3 TU is to maximize innovation [13] . Implied, but not outright stated, is the implication that there is only so much money for national funding of research and development, and that such funding is better placed in relatively few organizations.
Dispersing such monies across all Dutch universities, it might be argued, reduces funding below a critical mass for successful activity.
The Dutch systematic nanotechnology strategy resulted in research groups, centres, department and laboratories in this research field which have been growing in size and output. On the national level NanoLab NL forms a consortium that builds, maintains and provides a coherent and accessible infrastructure for nanotechnology research. NanoLab NL draws on government funding and gives access to its facilities to everyone [14] .
Government funding has been first spent on upgrading existing infrastructure. Only when the existing infrastructure was fully used and a well-characterized additional need was identified additional investment has taken place. As a consequence, the Dutch nanotechnology research infrastructure has been heavily used by research groups and the local industry [7] . The NanoLab NL partners are state-of-the-art facilities at local and University of Twente have formed the 3TU network [13] that have played a crucial role in the context of nanotechnology. universities, i.e. the Zemike Institute for Advanced Materials at Groningen University, the MESA+ at Twente University, the Kavli Institute of Nanoscience at Delft University of Technology [1, 7] . An additional partner is the publicly funded TNO Science & Industry in Delft. Philips Research Laboratories in Eindhoven as an associate partner contributes regarding content but not financially. The partners in this enterprise consider themselves often as competitors but cooperate and coordinate because of the substantial government funding [1] . Within the network all activities are split into basic and expert functions [7] . While the basic functions provide general infrastructure suitable for common fabrication activities and can be used at most locations expert functions are normally exclusive to one location only. As a result of the Dutch national nanotechnology approach regions are technologically specialised with some substantial overlap.
According to Robinson et aI, 2007 , the region of Groningen serves as a hub for biomolecular nanoelectronics. In the region of Twente organizations specialise in nanomaterials, complex devices and complete systems. The regions of Delft and of Eindhoven focus on micro-and nanoelectronics.
Measuring proximity and collaboration in Dutch nanotechnology
For our analysis we use data from the Web of Science, Google Earth and the NUTS system (for a similar approach on European nanotechnology networks see [15] ). We started by taking data from the Web of Science which include papers from the ten thousand high impact joumals worldwide and 256 disciplines [16] . We derived our subset of nanotechnology related abstracts by using a careful query design that was developed in consultation with nanotechnology experts by [17] . The Porter query [17] looks for significant nanotechnology research that is concentrated across six main Web of Science subject categories. These categories include two fields of physics (applied physics and Table 1 ). The Netherlands is in the next tier of nations. However, it is doing particularly well in terms of publications when taking into account the number of publications per million citizens, namely ranking 8 th most productive country worldwide. Moreover, it belongs to the most important nanotechnology countries within the EU [2, 3, 9] and within the EU by our figures it is exceeded in productivity per million citizens only by Germany and France (see Table 1 ). Universiteit Delft and TU Delft all refer to the same organization. After the disambiguation we apportioned research to participating organizations according to total authorship. For instance, when two out of four authors stem from one organization it receives a 50% credit for the paper as a whole. To appropriately credit collaboration across partners there are several options for fractionating publications. Here, we first divide the credit for the paper equally across all authors, and then award the respective organizations according to the affiliations of the authors (see also [15] ). A comparable scheme for fractionating co-patenting activities was used in [18] . Our sample is bigger than it looks like at the first sight, because a paper might be written by one collaborator from the top 100 Dutch organizations and one collaborator from a non top 100 Dutch organization. Our sample is smaller than it looks like at the first sight, because we do not include intra-organizational collaborations, i.e. we omit papers written by authors who all come from the same organization. This is notwithstanding the fact that internal collaboration within organizations is an important phenomenon. It goes beyond the object of this particular study though.
We complemented the data of the one hundred Dutch organizations which were most productive in nanotechnology related publications, with organizational, technological and geographical information. We added organizational inf ormation by categorizing each organization according to its academic or non-academic character. The inter organizational collaborations analysed here can take place between partners stemming both from an academic background (academic/academic) or both from a non-academic background (non-academic/non-academic) or from a mixed academic and non-academic background (hybrid). We consider collaboration partners from universities as having an academic background and those from firms having a non-academic background (see for a similar approach [19] ). Collaborations with partners from a similar background, I.e.
academic/academic and non-academic/non-academic, are closest in terms of organizational proximity. In contrast, partners from hybrid collaborations are organizationally most distance.
We added technological inf ormation by calculating a technological research profile of each organization with the help of the six major nanotechnology subject categories revealed by the Porter query [17] and an "all others " category. The more overlap two organizations have in terms of this profile the closer they are technologically.
We completed the information on the one hundred Dutch organizations by geographical inf ormation in two ways. One, we geo-Iocated each organization using Google Earth, i. e.
we collected the longitude and latitude for each organization, stored in fractions of a degree [20] . Two, we related each organization to the NUTS system by using the three levels NUTS 1, NUTS 2, and NUTS 3 [21] . The nation, in our case the Netherlands, is the highest category in the NUTS organization scheme, i.e. NUTS O. Nested in a hierarchical fashion, from largest to smallest, are NUTS 1, NUTS 2 and NUTS 3 regions.
A NUTS 3 region is roughly 1600 square kilometers; it corresponds for instance to the 
Concentration of Dutch nanotechnology

A. Geographical concentration of Dutch nanotechnology
When looking at the results of our analysis it becomes obvious that Dutch nanotechnology its geographical, technological and organizational concentrated.
2 COROP means Coordinatie Commissie Regionaal Onderzoeks Programma which is the name of the commission that created the fourty COROP regions in 1971. The COROP regions are NUTS 3 regions [22] .
They were created around one big city and the surrounding region attached because of commuter connections.
Geographical/y, we can show that Dutch NUTS 3 regions are quite diverse regarding their nanotechnology activities (see Fig. 1 ). We use a five point publication intensity scale, ranging from less than 1, 1-8, 8-30, 30-340, and more than 340), designed to illustrate major differences. The scale is based on the fractional publication count associated with that region. Some regions are agglomeration areas with numerous research organizations and other stakeholders present, e.g. Amsterdam or Eindhoven.
Other areas are less densely active but still show substantial nanotechnology research, e.g. the region surrounding Twente. Moreover, there are several "dead zones " regarding nanotechnology research including the "Green Heart " of Holland, and the Northern provinces around Drenthe. These areas are known for their low density of population, and either agricultural or recreational use of land. Dutch nanotechnology is concentrated in seven of the forty NUTS 3 regIOns III the Netherlands. These seven regions account for more than 80% of nanotechnology related publications (see Table 2 ). First comes Zuidoost-Noord-Brabant which includes
Eindhoven as the largest city, second comes Delft en Westland, third Twente, then Utrecht, Groot-Amsterdam, Groningen and Leiden en Bollenstreek (see Table 3 ).
Spatially this causes a prominent axis of research areas reaching through the country from the seaports and airports in the west, to the German border in the east (see Fig. 1 The region of Eindhoven (Zuidoost-Noord-Brabant) is doing particularly well concerning publications and collaborations while the region of Delft (Delft en Westland) is first regarding the average number of collaborations and average number of citations (see for this and following Table 3 ). While the number of publications reflects the quantity the number of citations mirrors the quality of the publication output and the number of collaborations for the actual knowledge transfer (see Section 3.). Thus, although the region of Eindhoven produces more nanotechnology related publications those produced by the region of Delft are considered more relevant by peers and therefore more often 3 Here we use fractions of publications like described in Section 3. 4 Here we use fractions of publications like described in Section 3.
cited. Delft leading in numbers of collaborations suggests that knowledge is most often transferred via this hub.
B. Technological concentration of Dutch nanotechnology
Technological concentration plays a major role for the success of nanotechnology research in the Netherlands. There is roughly a split of 50% nanotechnology and 50% all others across the Dutch regions based on the nanotechnology profiles across six principal nanotechnology subject categories, and an "all other " category (see Table 4 ). At the first sight it is striking that Delft, Eindhoven, and to a lesser extent Enschede strongly publish on nanotechnology.
These are the regions associated with the 3TU Federation. In particular, two of the nanotechnology subject categories have been concentrated in the hands of the universities of technology -namely applied physics and nanoscience. In the following, we analyze technological specialization of Dutch proVInces In nanotechnology more systematically. In particular, we answer the question whether a given region produces more or less of a particular area of knowledge than would be expected by chance. The equivalent null hypothesis, that there is no regional specialization, is equivalent to the statement that each region produces knowledge in the same proportions. Equivalently, we may say that the null hypothesis involves statistical independence between regions and the production of knowledge by subject category.
In order to find out in how far Dutch provinces are specialized regarding nanotechnology we consider the counter-factual case presented in Table 5 . This table assumes that each region keeps the same publication output. It also assumes that each subject category maintains its relative significance as a fraction of nanotechnology publication.
Publication output is distributed in a manner which is statistically independent across rows and across columns. <t:
c. By runmng the chi-squa4red test we are able to highlight the differences between observed publication output (Table 4 ) and the estimated publication output assuming statistical independence (Table 5 ). The test takes the squared deviation between the observed and estimated values, then divides through by the estimate:
Large departures from independence are therefore expressed as larger absolute quantities.
These quantities are shown in Table 6 . The more specialized regions have a higher row total; the more specialized nanotechnology topics have a higher column total. The four largest regions and subject categories in terms of specialization are noted with an asterisk. Table 6 . .� a.
0-
c.. is necessary to reveal whether specialization involves a comparative excess or deficit of research. Amsterdam shows a comparative excess in the "all other " category. On the other hand, it shows a deficit in production of major nanotechnology subject categories, including materials science, applied physics, and nanotechnology. In contrast, by and large the 3 TU regions produce more materials science, applied physics, and nanotechnology than would be expected by chance. Note that this is already a nanotechnology database -so these regions are producing more specialized nanotechnology knowledge then expected given world nanotechnology profiles. And, as a consequence, these regions are producing less knowledge in the "all others " category.
C. Organizational concentration of Dutch nanotechnology
The organizational concentration of Dutch nanotechnology reflects the geographical and technological concentration: Of the twelve organizations that account for more than 80%
of the Dutch nanotechnology publications nine are located in the seven regions that account for more than 80% of Dutch nanotechnology publications. The player with the greatest share of Dutch publications regarding nanotechnology is Eindhoven University of Technology, immediately followed by Delft University of Technology and then University of Twente (see Table 7 ). All three of them are major players in the national nanotechnology strategy (see Section 2) . Not surprisingly the ten universities and the public sector contribute much more to the nanotechnology related publications than the private organizations (see Table 7 ). Philips Research Laboratories is the only privately owned research organization belonging to the twelve organizations that account for 80% of Dutch publications in the field of nanotechnology, ranking ninth with a share of 3 % of Dutch total publications in this field. The list of private organizations in the Netherlands engaged in nanotechnology research contains a mix of well-known entities as well as a few surprises (see Table 8 organizations. This places a necessary premium on inter-organizational collaboration, with organizations necessarily striving to make the multi-party consortia needed to assemble the necessary skills and expertise for novel interdisciplinary research. The innovation system is therefore challenged by geographical dispersion as well as a lack of regional redundancy in knowledge.
In the last decade Dutch nanotechnology has been so successful that [7] suggested the Netherlands as a benchmark for Irish nanotechnology policy. The reason for this was that although Dutch investment on nanotechnology has been low compared to other countries [7] its research output in terms of patents [9] and publications has been high ( [8] and nanotechnology activities might lead to a lack in necessary face-to-face contacts. Lack of redundancy in a system goes hand in hand with lesser absorptive capacity within the system, which reduces its flexibility in times of greater changes in nanotechnology.
Conclusions
The Dutch nanotechnology network is an interesting case to analyse because it is quite successful and because the Dutch nanotechnology policy was quite different from that of other European countries in the last decade. Wit the help of publication data and additional organizational and geographical data we can show that Dutch nanotechnology is organizationally, technologically and geographically concentrated (Section 4). We suggest that to some extent this has emerged from the Dutch systematic national strategy to concentrate nanotechnology research in specific research organizations. This Dutch strategy of the last decade seems to work well for the Netherlands, because while Dutch nanotechnology investment has been comparatively low [7] its research output in terms of patents [9] and publications has been high ( [8] and section 4.1). Problems lie in the partly orchestrated dispersion of geographic activities and lack of redundancy. Insofar, the Dutch approach as a benchmark has to be considered with care regarding similar countries such as Ireland. When it comes to larger world leaders in nanotechnology such as the u.S. or Germany the Dutch approach is certainly questionable though. These countries benefit most from a broad and thorough penetration of nanotechnology research close the world-wide technological frontier.
Our analysis results in a better quantitative understanding of Dutch nanotechnology and
give some hints about the role of nanotechnology policy. There are two research questions though that we would like to address in future work in order to enhance our understanding of the relationship between nanotechnology and policy: One, we would like to investigate which parts of the Dutch collaboration networks in nanotechnology are emerging, which parts are constructed by the systematic policy approach, and which parts are both. Two, we would like to compare the Dutch nanotechnology network and Dutch nanotechnology policy to that of other countries. Potential benchmarks would be Ireland as comparable European country and Germany as the strongest European country in nanotechnology, both with a completely different policy approach, as well as the u.S. as the world leader with a more similar policy approach [7] . In particular, we would like to analyse the heterogeneous structure of the network and the influence of policy and institutions.
